Introduction
Patients with AIDS exhibit multiple hematopoietic abnormalities, including anemia, granulocytopenia, and thrombocytopenia (1, 2) . These reflect central hematopoietic deficiency (3, 4) . Long-term BM cultures from HIV-infected patients have low CD34 + progenitor cell growth and differentiation (5, 6) , indicating impaired functionality of early hematopoietic progenitors. Such hematopoietic failure affects T cell production and should contribute to the immunodeficiency characteristic of AIDS patients (7) . Also, abnormalities in fetal hematopoiesis have been reported in aborted fetuses from seropositive women (8) . However, CD34 + BM progenitors from HIV-infected patients are devoid of proviral DNA (9) (10) (11) (12) . This suggests that HIV-1 infection hampers hematopoiesis indirectly. Ex vivo, HIV-1 alters the hematopoietic microenvironment (1, 13, 14) ; affects hematopoietic progenitors through the viral envelope gp120, through Gag p24, or through Negative factor (Nef) (15) (16) (17) (18) (19) ; and enhances secretion of inhibitory cytokines, including tumor necrosis factor alpha (20) . However, the way HIV affects early hematopoiesis in vivo is still unknown.
SIV-infected macaques are a very good animal model to study how immunodeficiency viruses affect early hematopoiesis in vivo. SIV-infected macaques present immunodeficiency syndrome and hematological changes - including impaired clonogenic growth of CD34 + BM progenitors - that mimic those of human AIDS (21, 22) .
To study the effects of immunodeficiency virus on early hematopoiesis, we tested BM progenitors from SIVmac251infected macaques for deregulated genes possibly responsible for the observed defects. We report that the hematopoietic defects of infected animals correlated with downregulation of STAT5A and STAT5B gene expression in CD34 + progenitors. These defects were corrected by STAT5B overexpression in CD34 + cells. We show for the first time to our knowledge that Nef was responsible for these defects, both ex vivo and in vivo, and relied on the presence and activation of the PPARγ signaling pathway. These data reveal what we believe to be a previously unsuspected inhibitory role of the PPARγ signaling pathway in early hematopoietic progenitors and suggest its involvement in hematopoietic dysfunction in infected patients.
Results
STAT5 is responsible for SIV-dependent loss of functional multipotent hematopoietic progenitors. Blood and BM samples from 5 macaques were collected at various times before and after animals were intravenously inoculated with fifty 50% animal infectious dose (AID 50 ) of the pathogenic SIVmac251 strain. Upon SIV inoculation, animals developed an infection with typical plasma viral load profiles, as previously described (7) (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI33037DS1). To number and assess the functionality of multipotent hematopoietic progenitors, CD34 + cells were purified from BM samples, and well-known short-term colony-forming assays (23) were first performed. The proportion of CD34 + BM cells was constant along infection (7% ± 2% before infection, 6% ± 2% on day 35 after SIV injection, 6% ± 1% on day 127 after SIV injection, and 9% ± 2% on day 260 after SIV injection). Also, as reported (7) and confirmed in the present samples (data not shown), the collected CD34 + cells lacked any provirus and viral RNA at any time following SIV injection, as assayed by sensitive nested PCR and real time RT-PCR assays, respectively. However, for all tested animals, total CFCs in these CD34 + progenitors decreased from 4 weeks after injection and remained at low levels during chronic infection ( Figure 1A ). By day 260 after injection, the total CFC number was 26% ± 3% of that before infection. These results are consistent with the CD34 + progenitor clonogenic defects reported in human HIVseropositive patients (6, 10, 12) .
We investigated the origin of the hematopoietic defect in SIVinfected animals. HSC renewal and determination are tightly controlled by intrinsic and extrinsic factors. A few transcription factors have been suggested to maintain HSC pluripotency, including HoxB4, Notch1, and Bmi1 among others (24) . Similarly, various cytokines and growth factors play crucial roles in HSC renewal through activation of a discrete number of signaling pathways. Among these are the STAT5A and STAT5B (25, 26) , 2 very similar proteins that have been reported to be required for early hematopoiesis and long-term multilineage reconstitution following HSC transplantation in mice (27) (28) (29) (30) (31) (32) . We used quantitative RT-PCR to evaluate the expression of genes important for HSC functions in hematopoietic progenitors isolated from infected animals. We observed a progressive decrease in STAT5B
Figure 1
SIV inhibits the clonogenic potential of hematopoietic progenitors through downregulation of STAT5. (A) Evaluation of total progenitor cell counts in semisolid cultures of CD34 + BM cells collected from 5 animals before and after infection with SIV. Day 0 is the day of SIV injection. Horizontal lines indicate mean CFC numbers scored from all cell cultures from the 5 animals analyzed at the indicated time. Each symbol represents samples from a single animal. (B) STAT5B mRNA was evaluated by RT-PCR in CD34 + BM cells at various times following animal infection with SIV. Levels were normalized to GAPDH mRNA. Results were expressed relative to the average level of STAT5B mRNA in samples collected before SIV injection. Horizontal lines indicate the mean values for STAT5B mRNA in 5 animal samples at the indicated time. STAT5A mRNA was similarly evaluated and compared in noninfected control (NI) and chronically SIV-infected animals (SIV) (inset). (C) CD34 + BM cells from 3 noninfected control and 3 SIVmac251-infected macaques at 93 days after injection were lysed. Lysates were subjected to SDS-PAGE and western blotting. STAT5 and actin proteins were detected by coincubation with pan STAT5 and anti-actin antibodies. (D) CD34 + BM cells from 4 control or 4 chronically SIV-infected macaques were transduced with or without a lentiviral vector encoding simian STAT5B. They were processed for CFC assays. Experiments were repeated twice. Horizontal lines indicate the mean number of colonies scored in each condition. Each symbol represents samples from a single animal. mRNA in CD34 + progenitors following SIV injection ( Figure 1B ). This decrease correlated with the loss of CFCs in infected animals (P = 0.0002). The lowest level was observed 50 days after injection and remained constant during chronic infection. STAT5B mRNA levels were only 15% of those observed in progenitors from uninfected macaques. STAT5A mRNA levels were also substantially lower in CD34 + cells from chronically infected macaques than in CD34 + cells from uninfected animals ( Figure 1B , inset). Moreover, STAT5A/B proteins were nearly undetectable in CD34 + cells from infected animals ( Figure 1C ). This suggests that downregulation of STAT5 gene expression in hematopoietic progenitors is responsible for the SIV-dependent clonogenic defect of CD34 + progenitors. To address this, we evaluated the functionality of CD34 + cells following transduction with a lentiviral expression vector encoding STAT5B. The SIN-PGK-WHV lentiviral vector used allowed expression of a Tg in 70%-75% of the normal simian CD34 + as observed with control GFP vector (Supplemental Figure 2A ). In these normal progenitors, the levels of STAT5B expression obtained in STAT5B-vector transduced cells were 5 times greater than levels found in untransduced cells (Supplemental Figure 2B ), but clonogenic capacities were unaffected ( Figure 1D ). However, similar transduction of CD34 + cells collected from infected macaques strongly enhanced their clonogenic capacities. Overexpressing STAT5B rescued the clonogenic capacity of BM progenitors collected from infected animals. This indicates that SIV-related hematopoietic failure is STAT5 dependent.
Nef mediates hematopoietic defects induced by SIV infection. To delineate the origin of the SIV-dependent hematopoietic defects, CD34 + BM cells from control (noninfected) macaques were incubated for 2 days with plasma from healthy or chronically SIV-infected animals and then processed for CFC assays as described above (see Figure 1A ). Progenitor clonogenicity was lower in normal CD34 + cells incubated with SIV-containing plasma than in those incubated with uninfected plasma (Table 1 ). If infected plasma were initially ultracentrifuged to remove any detectable viral particles (less than 60 copies, as determined by real-time RT-PCR), they still significantly decreased clonogenicity of CD34 + cells (Table 1) , suggesting that a soluble factor from infected plasma directly affected the clonogenic potential of normal hematopoietic progenitors ex vivo. To determine whether such a factor was of viral origin, we added purified SIVmac251 infectious particles to plasma from control animals and performed CFC assays on normal CD34 + cells. CFC number decreased significantly in the presence of 10 2 SIV infectious particles/ml ( Figure 2A ). However, the infectious titer for reasonably packaged lentiviral vector is often 10 2 -10 4 lower than the lentiviral physical titer as active viral stocks contain large amounts of defective or partially denaturated particles, which all still express SIV proteins (33) . To assess the actual amounts of physical lentiviral particles added to culture medium, we quantified the p27 core protein present and evaluated that 10 2 SIV infectious particles/ml actually contained 160 pg/ml SIV p27. Because there are roughly 2,000 molecules of p27 per lentiviral particle, 160 pg/ml SIV p27 corresponded to 3.2 10 5 /ml SIV physical particles. This inhibitory activity was maintained when SIV particles were subjected to a brief heat-inactivation process that suppressed their capacity to infect cells, indicating that it was independent of viral infectivity. Altogether these data suggested that a soluble factor present in viral particles and also in infected but virus-depleted plasma affects the biological properties of CD34 + progenitors.
We investigated whether any SIV protein known to be present in infected plasma and also packaged in substantial quantities into viral particles can be responsible for the defect. The Nef gene encodes a 206-/292-amino acid myristoylated protein required for efficient in vivo viral replication and pathogenicity (34) . It is produced in large amounts early after HIV/SIV infection, is present in viral particles (35) , and is released into the serum at concentrations up to 10 ng/ml (36) . We thus tested whether Nef is involved in SIV-dependent hematopoietic failure by first depleting Nef from infected plasma before performing CFC assays. Addition of anti-Nef antibodies to plasma collected from chronically infected macaques and removal of the immune complex that had formed, depleted Nef from plasma (Supplemental Figure 3A ) and prevented plasma inhibitory activity ( Figure 2B ). We next added E. coli-recombinant SIVmac251 Nef protein (rNef) to culture medium of CD34 + progenitors isolated from uninfected animals and processed for CFC assays as described above. rNef (0.15 μM) reduced the clonogenic potential of normal CD34 + BM progenitors as much as 1 × 10 2 infectious particles/ml of SIVmac251 (or 160 pg/ml SIV p27) ( Figure 2 , C and D). To avoid possible artefacts from E. coli contaminants, we further tested various sources of recombinant Nef. Similar results were obtained with baculovirus-recombinant SIV J5 Nef, and with E. coli-recombinant HIV-1 A P < 0.0001. B P = 0019. CD34 + BM cells from 3 healthy uninfected (control) animals were cultured for 48 hours with plasma from the same control animals or from SIV-infected animals or with ultracentrifuged plasma from SIV-infected animals, before being processed for CFC assays. The mean number of colonies scored is indicated (± SD of 3 experiments).
Nef Laï (data not shown). Moreover, fully myristoylated recombinant HIV-1 Nef was also tested and shown to exhibit enhanced inhibitory activity ( Figure 2E ). These data indicate that soluble HIV-1 and SIV Nef exhibit a new conserved activity that impairs the functionality of normal hematopoietic progenitors when added to culture medium. To strengthen the importance of Nef in SIV-dependent hematopoietic defects, we made use of another well-studied SIV strain, BK28-41, which allows synthesis of all SIV (viral) proteins with Nef truncated in the C-terminal domain, while its reported variant BK28-41ΔNef produces all viral proteins except Nef due to mutation of the Nef initiation codon and deletion of 174 nt located 200 nt further downstream (37) . As shown in Figure 2D , BK28-41 induced a severe clonogenic defect when added ex vivo to normal CD34 + BM progenitors in CFC assays. This defect was comparable to that observed with SIVmac251 ex vivo and also in vivo following SIV infection ( Figure 2D , left panel). However BK28-41ΔNef did not affect the clonogenic potential of CD34 + cells ( Figure 2D , right panel). Nef is known to be located within virus particles, therefore the inhibitory activities of exogenously added virions looked quite puzzling. We hypothesized the presence of soluble Nef in the virus preparations used. These stocks were thus incubated directly with anti-Nef antibodies and the immune complexes formed were analyzed by SDS-PAGE and immunoblotting to assess for the presence of soluble Nef. These experiments indicated that rather large amounts of soluble Nef were present in infectious virus stocks, which even exceeded those present within virions themselves (see Supplemental Figure 3B ).
We investigated which domain(s) of Nef is responsible for this conserved inhibitory activity. Lentiviral Nef peptide sequences can be roughly divided into 4 functional regions. Region A covers the amino-terminus of Nef and includes a myristoylation site; region B includes a putative Src homology 3 (SH3) binding motif; region C overlaps an SH2 domain; and region D includes the carboxy-terminus of the molecule. We used CFC assays to test pools of overlapping peptides (15 amino acids long), spanning the 4 functional
Figure 2
Nef mimics SIV actions on hematopoietic progenitors. (A-C) CFC assays were performed with CD34 + cells isolated from 3-4 control animals following incubation for 48 hours with (A) plasma from noninfected animals in the absence (control) or presence of infectious or heat-inactivated SIVmac251 particles (1 × 10 2 particles/ml), (B) plasma from noninfected animal (control) or plasma from 4 chronically infected macaques without (-) or with (+) Nef immunodepletion, or (C) with various concentrations of recombinant SIVmac251 Nef. (D) CFC assays were performed with CD34 + BM cells isolated from SIVmac251-infected or noninfected macaques. Progenitors from uninfected animals were either left untreated or incubated for 48 hours with the viral isolate SIVmac251, molecular clones BK28-41 (BK) or BK28-41ΔNef (BKΔ) (1 × 10 2 infectious particles/ml), or with rNef (0.15 μM) before being processed for CFC assays. (E) Inhibitory activity of recombinant myristoylated HIV-1 Nef was assayed on CD34 + BM cells isolated from 2 healthy macaques. CD34 + BM cells were preincubated for 48 hours with the indicated concentration of myristoylated HIV-1 Nef before CFC assays. Horizontal lines and the diagonal line in C indicate mean of CFC numbers scored from all cell cultures from the animals analyzed. Each kind of symbol represents samples from a single animal.
domains of the HIV-1 Nef Laï strain ( Figure 3A , right panel). The pool of peptides covering region B mimicked Nef action and caused a major clonogenic defect (P < 0.05) in CD34 + cells; the other pools were inactive ( Figure 3A , left panel). We further observed that a single peptide that covers region B entirely (amino acids 66-97) was sufficient to affect CD34 + BM cell clonogenicity substantially ( Figure 3B , left panel). Interestingly, the sequence of region B is the only 1 conserved (>80%; Los Alamos Database; http://hiv-web. lanl.gov) within SIV and HIV genomes; it is moreover absent in the inactive BK28-41ΔNef strain (37) . This region contains a Pro rich motif (P 72 XXP 75 XXP 78 ), whose mutation to A 72 XXA 75 XXQ 78 completely abolished the pathogenic potential of Nef for the induction of a severe AIDS-like disease in CD4C/HIV Tg mice (38) . This motif is conserved between the majority of SIV strains, including SIVmac251 (39) . We therefore assessed the role of this motif. We observed that mutation to A 72 XXA 75 XXQ 78 similarly abolished Nef inhibitory actions on CD34 + BM cells ( Figure 3B , left panel). Overall, these data indicate that the conserved Pro-rich peptide sequence from the central region of HIV/SIV Nef can impair the hematopoietic potential of normal progenitors ex vivo.
We assessed the impact of Nef on more immature progenitor cells and tested functionality of the long-term colony-initiating cell (LTC-IC) compartment (40) . Normal CD34 + BM progenitors incubated with either SIVmac251 particles or rNef had many fewer LTC-ICs than untreated samples (Figure 4 ). This decrease was similar to that observed for CD34 + cells isolated from chronically infected macaques (Figure 4 , compare left and right panels). Limiting dilution analysis showed that CD34 + BM cells from macaques infected with SIV and normal CD34 + BM cells incubated with either rNef or SIVmac251 particles had similar LTC-IC frequencies ( Table 2 ). However, there was no significant difference in LTC-IC frequency between progenitors incubated with control plasma in the presence or absence of BK28-41ΔNef particles. These data confirm the role of Nef in mediating HIV/ SIV-related hematopoietic defects.
PPARγ mediates Nef activities and inhibits hematopoietic progenitors. PPARγ is a nuclear receptor that has antiproliferative effects in preadipocytes and mammary epithelial cells (41) . Because Nef binds to PPARγ (42) and suppresses adipogenesis, we tested whether PPARγ mediates the hematopoietic actions of Nef. We assayed clonogenic properties of normal CD34 + BM cells in response to 6 potent and specific PPARγ ligands (PGJ2, troglitazone, ciglitazone, rosiglitazone, pioglitazone, and MCC-555) and to the PPARα, -γ, -δ agonist, GW501516. Similar to Nef, all PPARγ agonists inhibited CD34 + clonogenicity in CFC assays ( Figure 5A and data not shown). We preincubated the irreversible low-affinity PPARγ antagonist, GW9662, before adding each of the agonists to assess the specificity of PPARγ action. GW9662 counteracted the action of all PPARγ agonists tested. Surprisingly, it also counteracted SIV rNef action in the same CFC assays. To extend these results, we introduced siRNA directed against PPARγ into CD34 + cells. Liposome-based reagents allowed highly efficient introduction of siRNAs in simian CD34 + BM cells (96% ± 2%; n = 5) as observed with fluorescent control siRNA (Supplemental Figure 4A) . Transfection of the PPARγ-directed siRNA nearly abolished the expression of PPARγ transcripts in the progenitors as opposed to control siRNA (Supplemental Figure  4B ). The transfected cells were maintained in culture for 2 days in the presence or absence of rNef and then processed for CFC assays. In the absence of rNef, the highly efficient PPARγ-directed siRNA did not change the clonogenic potential of CD34 + cells ( Figure 5B ). However, the same siRNA abolished Nef-dependent clonogenic defects of the progenitors. As expected, control siRNA had no action (data not shown). These data demonstrate that Nef requires the presence of PPARγ to impair the functionality of early hematopoietic progenitors. We tested whether PPARγ agonists as such still modulate hematopoiesis in vivo. Either mice or macaques were treated with rosiglitazone for 15 days, BM hematopoietic progenitors were then selected, and CFC assays were performed. Sca-1 + c-kit + CD3and CD34 + BM cells from treated mice and macaques, respectively, showed a strong clonogenic failure as compared with untreated animals ( Figure 5C ). Taken together, these data indicate that activation of PPARγ modulates the functionality of early myeloid progenitors in vivo.
Activation of Nef/PPARγ pathway inhibits hematopoietic cell growth and STAT5 expression. To more thoroughly investigate links between Nef, PPARγ, and STAT5 expression in hematopoietic cells, we made use of the human hematopoietic K562 cell line that exhibits cytokine-independent cell growth and constitutive STAT5 activation (43) . We observed that both HIV-1 rNef and the PPARγ agonist troglitazone inhibited K562 cell growth in a dose-dependent manner, with HIV-1 rNef exhibiting much stronger potency ( Figure 5E ). This inhibition correlated with downregulation of STAT5A (data not shown) and STAT5B transcripts in the treated cells ( Figure  5F ). In addition, suppression of PPARγ expression through siRNAbased approaches abolished both actions of Nef, i.e., cell-growth inhibition (data not shown) and STAT5 mRNA downregulation ( Figure 5F ). These data indicated that active PPARγ deregulated cell growth and STAT5 expression in hematopoietic K562 cells ex vivo. To confirm these activities in vivo, we further analyzed the expression of STAT5A/B in the hematopoietic progenitors isolated from rosiglitazone-treated animals (see above). We observed that activating PPARγ inhibited STAT5 mRNA expression in murine and simian hematopoietic progenitors in vivo ( Figure 5D ).
Discussion
Hematopoiesis is the highly regulated process of continuous production of blood cells from early progenitors. HIV/SIV induces large hematopoietic defects that reflect progenitor failure and contribute to weak lymphopoiesis and immunodeficiency in infected individuals. Our study showed that SIV infection affected the functionality of early hematopoietic progenitors, including LTC-IC and CFC progenitors, by downregulating STAT5A and STAT5B expression in vivo. Under similar conditions, SIV did not affect expression of HoxB4, Notch1, GATA2, GATA3, RbTn2, or Tal1 genes (data not shown). Similarly, neither STAT3 nor STAT4 expression was impaired (data not shown). These observations reveal for what we believe to be the first time the crucial role of STAT5 genes in the maintenance of functional multipotent hematopoietic progenitors in primates in vivo. They further indicate that STAT3 cannot compensate for such STAT5 biological activities.
STAT5A/B factors are essential for the generation of functional murine HSCs (30, 44) . BM cells isolated from mice bearing partial deletion of both genes, which actually expressed partially active, amino-terminal truncated STAT5A/B proteins (renamed STAT5AB Δn/Δn mice; ref. 43) , are unable to contribute to hematopoiesis after competitive repopulation against wildtype BM progenitors in irradiated animals (45, 46) . However, these
Figure 4
SIV impairs LTC-IC. The left panel shows LTC-IC assay of CD34 + BM cells from 5 uninfected and 5 SIV-infected macaques. Various numbers of progenitor cells were initially seeded as indicated. The right panel shows LTC-IC assay of CD34 + BM cells from 5 control animals that were preincubated for 48 hours with plasma from noninfected animals supplemented with SIVmac251 (SIV), BK28-41ΔNef (SIVΔ) (1 × 10 2 infectious particles/ml), or rNef (0.15 μM). mice do reach birth at expected mendelian frequency and exhibit rather mild lymphoid phenotypes as compared with the recently described STAT5A/B null/null mice that have a complete deletion of the Stat5a and Stat5b gene locus and exhibit more than 99% perinatal lethality (32, 43) . Furthermore, lymphopoiesis is also highly abnormal in these mice, and STAT5AB Δn/Δn mice have fewer CD8 + T cells and a lower T cell response to interleukin-2 than wild-type animals; similar T cell alterations are observed in infected individuals upon HIV/SIV infection (47) . HIV-1 mediates selective decrease in STAT5 levels in purified T cells from infected patients (48) . Our data further indicate that SIV also suppresses STAT5 expression in early hematopoietic progenitors, this suppression being responsible for the observed hematopoietic defects. Such STAT5 inhibition should similarly occur in patients and contribute to their hematopoietic dysfunction, severe lymphopoietic defects, and immunodeficiency. We further demonstrated that SIV inhibitory activity on hematopoietic progenitors entirely depends on the presence of Nef based on the following observations: (a) immunodepletion of Nef from plasma from SIV-infected animals suppressed their inhibitory activity; (b) SIV rNef and HIV-1 rNef, as well as peptide B from HIV-1 Nef, recapitulated SIV inhibitory activities on early progenitors ex vivo, in both CFC and LTC-IC assays; (c) the variant BK28-41ΔNef SIV strain, which only differs from the BK28-41 strain by mutations abolishing Nef production, was inactive on early hematopoietic progenitors. These data indicated that lentiviral Nef is not only an immunosuppressor but also a strong inhibitor of early hematopoiesis in primates. These data suggest that, similarly, Nef is responsible for the central hematopoietic defects observed in HIV seropositive and AIDS patients.
Nef is a small, myristoylated, and highly abundant early viral protein that is required for efficient HIV/SIV replication and pathogenicity. It impairs expression of the MHC-1 class I and affects numerous signaling pathways in infected lymphoid cells. It was recently shown that Nef is also involved in a variety of bystander effects. It protects HIV-1 infected cells from apoptotic signals while simultaneously promoting killing of bystander cells through the induction of FasL (49); it can penetrate in primary uninfected human lymphoid B cells (50) as well as in various hematopoietic and nonhematopoietic cell lines (51) (52) (53) (54) in the presence of neighboring infected macrophages and/or Nef-supplemented culture medium (33, 52) . In these uninfected B cells, Nef suppresses CD40-dependent immunoglobulin class switching. Our data extend these observations and indicate that Nef can similarly alter biological functions of healthy uninfected myeloid progenitors. Such a capacity resembles that described for another early HIV-1 protein, Tat. However, we didn't observe any inhibitory activities of recombinant Tat on CD34 + BM progenitors in similar CFC assays, thus assessing the specific function of Nef (data not shown). The question of how Nef interacts with CD34 + cells remains to be known. Nef was recently shown to freely enter human primary lymphoid cells when added to the culture medium (50) . However, we have been unable to detect Nef in a large number of CD34 + cells by immunofluorescence microscopy, suggesting that either only small amounts of Nef interact/enter hematopoietic progenitors or that Nef interacts quite transiently with the progenitors.
The amounts of soluble Nef detected in serum from HIV-infected patients are rather high, around 10 ng/ml, but may be even higher when taking into account the presence of immune Nef/anti-Nef complexes (36) . Higher amounts may also be present in the hema-topoietic niche, in which potentially infected stromal cells may express large amounts of the myristoylated membrane-anchored Nef, while tightly interacting with hematopoietic progenitors. Our data indicated that 10 ng/ml recombinant myristoylated Nef are sufficient to impair CD34 + functionality. This form of Nef was much more active than recombinant Nef from E. coli, but may still be much less active than native properly folded and membraneanchored Nef expressed by infected cells.
We demonstrated that a peptide from a central region of the HIV Laï Nef directly impaired the clonogenic potential of progenitors and recapitulated, ex vivo, the hematopoietic defects observed in SIV-infected animals (our present data) and in HIV seropositive- or AIDS-patients (1, 2, 4, 6, 10, 12) . These results indicate that peptide B contains all information(s) to act on hematopoietic progenitors. This region is uniquely conserved among lentiviral Nef sequences (34) . Its contains a well-known Pro-rich motif that is reported to interact in vitro with numerous SH3-containing signaling molecules, including Hck, NAK, Vav, and Src-related kinase (reviewed by Geyer et al.; ref. 34) ; these interactions were reported to be essential for Nef activities in human lymphoid cells and for the induction of a severe AIDS-like disease in CD4C/HIV Tg mice (38) . Our data extend these observations and indicate that this same Pro-rich motif is still essential for Nef inhibitory activity on CD34 + hematopoietic progenitors. They provide the first evidence to our knowledge that this central Nef region can also mimic PPARγ agonist activities, at least in hematopoietic progenitors. Whether this Pro-rich motif functions as a whole and active SH3 binding motif that allows association with an SH3 factor regulating PPARγ activity or instead works independently of any kind of SH3 binding through a single selective Pro crucial for Nef inhibitory activities warrants further investigation. It is worth noting that some viral isolates, such as SIVmac239, express a PxxP motif instead of the conserved PxxPxxP in their Nef sequence, while still inducing central hematopoietic defects. Such observations would lend support to an SH3 independent activity for Nef on hematopoietic progenitors. Also, whether other conserved actions of Nef, such as those affecting T cell functions, are also mediated by PPARγ-dependent signaling pathways remains to be determined.
Finally, our data further reveal that SIV, Nef, or PPARγ agonists all inactivate/deregulate hematopoietic progenitors, through a PPARγ-dependent signaling pathway, that inhibit the expression of STAT5A/B genes, both ex vivo and in vivo, in mice and macaques. STAT5A promoter was recently shown to contain numerous PPAR-responsive elements that mediate PPARγ regulatory activity on Stat5a gene expression in rat mammary cells (55) . Some of these PPAR-responsive elements are conserved in human STAT5A and STAT5B genes and may similarly mediate PPAR regulatory activities in CD34 + hematopoietic progenitors. Although PPARγ was initially thought mainly to regulate adipogenesis (41), 1 report indicated that PPARγ agonists regulate proliferation and differentiation of erythroid precursors (56) . In addition, recent reports have mentioned unexplained hematopoietic abnormalities in a large cohort of patients with type 2 diabetes mellitus who participated in clinical trials with the PPARγ agonist pioglitazone (57) . PPARγ agonists have also been recently used in clinical trials in the prevention of tumor development with contradictory effects (58) . Our data therefore suggest that side effects on hematopoietic progenitors favoring anemia and pancytopenia may hamper the benefit of PPARγ agonists as therapeutic agents. They strongly suggest that abnormal PPARγ-dependent signaling pathways may be responsible for various hematologic disorders and hemopathies.
Overall, we demonstrated that SIV profoundly affects hematopoiesis through expression of a soluble or membraneanchored, virally-encoded protein, Nef, which mimics a highly potent PPARγ agonist. We further demonstrated that Nef/PPARγ regulates early hematopoiesis through deregulation of STAT5 genes. This study provides new clues for the development of novel drugs targeting PPARγ activity to cure hematopoietic disorders, including those affecting seropositive/AIDS patients.
Methods

Animals and virus. Adult male cynomolgus macaques were imported from
Mauritius and housed in single cages within level 3 biosafety facilities. Animals were handled under ketamine chlorhydrate anesthesia (Rhone-Mérieux). All experimental procedures were conducted in accordance with European guidelines for animal care and approved by Direction Départementale des Services Vétérinaires. The pathogenic SIVmac251 strain was produced and used for infection of macaques as previously described (7) . Briefly, the virus was isolated from macaque PBMCs cocultured with a spleen homogenate from a rhesus macaque infected with SIVmac251 (provided by R.C. Desrosiers, New England Regional Primate Center, Southborough, Massachusetts, USA). The cell-free stock was obtained by a second passage of the isolate in macaque PBMCs. This SIVmac251 resulting stock contained 1.22 × 10 8 viral RNA copies/ml and 3.6 × 10 4 50% tissue culture infection doses/ml (TCID50/ml) when the titer was determined on CEMx174 cells. The amount of viral antigen (p27) was 57 ng/ml and the in vivo titer after intravenous inoculation was 40,000 AID50/ml. We injected 50 AID50 into the saphenous vein of the monkey. SIVmac BK28-41 (2.8 × 10 4 TCID50/ml) and BK28-41ΔNef (4.1 × 10 4 TCID50/ml) were described previously (37) . Female-specific pathogen-free C3H mice were obtained from Charles River Laboratories. During a period of 15 days, PPARγ agonist (Rosiglitazone; AVANDIA; GlaxoSmithKline) was administered to mice (10 mg/kg/day; intragastric bolus; n = 8) and for cynomolgus macaques (0.5 mg/kg/day; soft in banana; n = 2) during a period of 15 days.
Reagents. Recombinant SIVmac251 Nef proteins and SIVmac251 Nef antibody (17.2) were provided by the National Institutes of Health (AIDS Research and Reference Reagent Program; catalog no. 2999). Recombinant HIV-1 Laï Nef and SIVmac251 Nef antibody (ARP3201) were provided by the National Institute for Biological Standards and Control (NIBSC) Centralized Facility for AIDS Reagents (repository reference, EVA650) or CEA/DIEP. Recombinant myristoylated HIV-1 Nef from strain SF2 (Jena Bioscience) was generated as reported (59) . Nef-derived peptides (15AA) were synthesized using standard Fmoc chemistry; peptide B and mutated peptide B were produced by NeoMPS. The purity of all peptide preparations was more than 80%. PPARγ agonists and antagonist were provided by Cayman Chemical (PPARγ-PAK; SPI-BIO).
Isolation of macaques CD34 + BM mononuclear cells. BM mononuclear cells were obtained from the iliac crest by aspiration and isolated by standard Ficoll density-gradient centrifugation (Eurobio). Cells were enriched in CD34 + cells by positive immunomagnetic selection (clone 561; Dynabeads M-450 CD34; Dynal) according to the manufacturer's instructions. Enrichment for CD34 + cells was ascertained by flow cytometry using anti-CD34 monoclonal antibody (clone 563; BD Pharmingen) and always exceeded 95%.
Isolation of mice sca-1 + c-kit + CD3 -BM cells. BM mononuclear cells were filtered on a cell strainer (40 μm; BD Falcon and BD Biosciences Europe), stained with PE-conjugated anti-sca-1 (BD Pharmingen) and anti-PE microbeads (Miltenyi Biotec). Enriched sca-1 cells were immuno-selected on MS columns (Miltenyi Biotec) and then stained with FITC-conjugated anti-c-kit and APC-conjugated anti-CD3 (BD Pharmingen). FACS analy-sis and cell sorting of sca-1 + c-kit + CD3cells were performed on a FAC-SAria (Becton Dickinson).
Culture of hematopoietic myeloid BM cells. For ex vivo assays, simian CD34 + or murine sca-1 + c-kit + CD3mononuclear BM cells were suspended (1 × 10 4 ) in 3 ml of MethoCult H4434 medium or MethoCult M3434, respectively (StemCell Technologies). Cells were incubated and were scored as previously described (23) .
LTC-IC were obtained as previously described (23) . The following limiting dilution coculture method was used: CD34 + cells were added to MS-5 cultures, with 200, 100, 50, or 25 cells per well added to 20 wells for each dilution point.
For in vitro assays, CD34 + BM cells from healthy animals were incubated for 2 days in the presence of plasma from either infected or noninfected macaques. Plasma from noninfected macaques was added either with or without the following reagents: SIV or SIV-derived virus, HIV/SIV rNef, HIV-1 Nef-derived peptides, or PPARγ agonists and antagonist.
Plasma viral load. Viral RNA was prepared from 200 μl of EDTA-treated, cell-free plasma using the High Pure Viral RNA kit (Roche Diagnostics). One-tube RT-PCR was performed in an iCycler real-time thermocycler (Bio-Rad) as described by Hofmann-Lehmann et al. (60) .
RNA extraction and RT-PCR analysis. RNA was extracted from 2 × 10 5 cells using RNAqueous-4PCR (Ambion). Reverse transcription was carried out for 1 hour at 42°C using 100 U MMLV reverse transcriptase (Invitrogen) according to the manufacturer's instructions. Real-time PCR was performed in an iCycler thermocycler (Bio-Rad) using iQ Supermix SYBR GRN (Bio-Rad). The following primer pairs were used: STAT5B forward, 5′-GGCAGAGTCGGT-GACAGAAG-3′ and reverse, 5′-GGGTCTGCAAAAGCATTGTC-3′; STAT5A forward, 5′-CGAGTGCAGTGGTGAGATCC-3′ and reverse, 5′-TCCTCTGT-CACGGACTCTGC-3′; murine STAT5B forward, 5′-GGCAGGGTCAGTAAC-GGAAG-3′ and reverse, 5′-GGCTCTGCAAAGGCGTTGTC-3′; PPARγ forward, 5′-AGCTCCGTGGATCTCTCCGT-3′ and reverse, 5′-CATGAGGGAGTTG-GAAGGCTCT-3′; and GAPDH forward, 5′-TCGTGGAAGGACTCATGACC-3′ and reverse, 5′-TCAGCTCAGGGATGACCTTG-3′.
STAT5 protein analysis. CD34 + BM cells (2.5 × 10 5 ) were lysed in RIPA lysis buffer on ice. Whole-cell extracts were boiled for 5 minutes in Laemmli sample buffer and subjected to SDS-PAGE in 10% acrylamide gels. Proteins were transferred to Hybond N+ filters (Amersham). Membranes were probed with the following antibodies: STAT5 (sc-1656), actin (sc-8432), and goat anti-mouse IgG-HRP (sc-2005) (Santa Cruz Biotechnology Inc.). Antibody binding was detected by ECL+ (Amersham).
Nef immunodepletion and immunoprecipitation. Plasma from infected macaques or virus stocks were incubated for 12 hours at 4°C with a cocktail of 2 different monoclonal anti-SIVmac251 Nef antibodies (ARP3201 and 17.2). Immunocomplexes were removed on a magnet following a 4-hour incubation with Dynabeads Protein G (Dynal; Invitrogen) at 4°C. Virions from virus stocks were pelleted by ultracentrifugation (100,000 g, 4 hours at 4°C). Samples were checked by western blotting analysis using anti-SIVmac251 Nef 17.2.
Lentiviral vector production and transduction. The cDNA encoding Macaca fascicularis STAT5B was cloned, sequenced (Genbank acquisition number DQ267926), and inserted into the SIN-cPPT-PGK-WHV lentiviral transfer vector. We used pCMVDR-8.92, pRSV-Rev, and pMD.G as packaging and vesicular stomatitis virus G protein (VSV-G) envelope constructs. Viral particles were produced by transient transfection of 293T cells with these 4 plasmids (61). CD34 + cells were incubated for 48 hours (1 × 10 6 /ml) in StemSpan (Stem-Cell Technologies), supplemented with protamine sulfate (4 μg/ml), SCF (100 ng/ml), Flt-3-L (100 ng/ ml), IL-3 (20 ng/ml), and IL-6 (20 ng/ml) in a 96-well plate. Lentiviral particles were then added to cell suspensions for 12 hours before the cells were washed twice and suspended in MethoCult GF4434 medium (StemCell Technologies) for clonogenic analysis.
Proliferation assays. K562 cells (2 × 10 5 ) were cultured in 96-well plates, in complete Dulbecco's Modified Eagle medium alone and with or without variable concentration of HIV-1 rNef or troglitazone. Cells were cultured for 7 days in the presence of 1 μCi/well [ 3 H]thymidine, collected by centrifugation, and counted on a plate reader. Eight replicates were used for each set of conditions.
PPARγ-specific siRNA. siRNA targeting the human and macaque PPARγ sequence 5′-TGTTCCGTGACAATCTGTC-3′ were synthesized (Proligo). CD34 + BM cells were transfected with PPARγ-specific siRNA (25 nM) or control siRNA in the presence of Lipofectamine 2000 (Invitrogen) and maintained for 48 hours before CFC assay. Control siRNA was purchased from Invitrogen (BLOCK-iT). Transfection efficiency was assessed using a fluorescein-labeled, double-strand RNA duplex (BLOCK-iT Fluorescent Oligo; Invitrogen).
Statistics. For culture assays and quantitative real-time PCR, values were calculated as mean ± SD for at least 3 separate experiments done in triplicate. Paired and unpaired comparisons were made, using the nonparametric Wilcoxon rank test and the Mann-Whitney test, respectively. P values of less than 0.05 were considered significant. Limiting dilution analysis was carried out with L-Calc software (StemCell Technologies). Correlations were analyzed with Spearman's correlation coefficient test. All statistical analyses were carried out with StatView software (SAS Institute Inc.).
